Accurate quantification of DNA double strand breaks (DSB) in testicular germ cells is difficult because of cellular heterogeneity and the presence of endogenous γH2AX. Here, we used confocal microscopy to quantify DNA damage and repair kinetics following γ-irradiation (0.5-4 Gy) in three major mouse male germ cell stages, early and late pachytene spermatocytes and round spermatids (RSs), following a defined post irradiation time course. Dose-response curves showing linear best fit validated γH2AX focus as a rapid biodosimetric tool in these substages in response to whole body in vivo exposure. Stage specific foci yield/dose and repair kinetics demonstrated differential radiosensitivity and repair efficiency: early pachytenes (EP) repaired most rapidly and completely followed by late pachytene (LP) and RSs. Repair kinetics for all three stages followed 'exponential decay' in response to each radiation dose. In pachytenes immediate colocalisation of γH2AX and 53BP1, which participates in non-homologous end-joining repair pathway, was followed by dissociation from the major focal area of γH2AX by 4 h demonstrating ongoing DSB repair. These results confirm the differential radiosensitivity and repair kinetics of DSBs in male germ cells at different stages. Taken together, our results provide a simple and accurate method for assessing DNA damage and repair kinetics during spermatogenesis.
Introduction
Rapid phosphorylation of histone variant H2A (γH2AX) is a valuable immunocytochemical marker of DNA double-strand breaks (DSBs) (1, 2) . Various studies have established a direct correlation between the number of γH2AX foci and exogenously induced DSBs. Additionally, time-based kinetics of foci disassembly has also been recognised as an indicator of repair efficiency. Collective outcomes thus founded the γH2AX foci kinetics assay as a minimally invasive tool for biological dosimetry in various somatic tissues and cells (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, overlapping foci commonly complicate analyses, and questions about the ratio of foci number to DSBs, dynamics of focus growth, foci merger and persistence of large foci remain to be resolved. In this context, ability of 3D imaging to resolve overlapping foci makes it the highly suitable cytological tool for accurately determining numbers and sizes of foci (6, 10, 13, 14) .
Repair kinetics for exogenously induced DSBs in germ cells are slower than in somatic tissues and cell lines (11) (12) (13) 15, 16) . In the male gonad, the prolonged reproductive phase necessitates continuous germ cell proliferation and differentiation through a series of stages, each having characteristic structural and functional status as well as clear differences in response to DNA damage response (DDR) (9) . In addition to that DNA repair mechanisms in developing germ cells stages are complicated by the fact that chromosome content is reduced from diploid to haploid stages during spermatogenesis with likely shifts in the overall relative rates of homologous recombination repair (HRR) in early pachytenes (EPs) to non-homologous end joining (NHEJ) in late pachytenes (LPs) and round spermatids (RSs) (17) (18) (19) . Since one pathway is considerably more efficient than the other, careful kinetic analysis is likely to reveal unexpected complexities. Moreover, different types of ionizing radiation (20, 21) , and in vitro culture conditions (Singh and Raman, unpublished data) may also impact yields and dissolution kinetics of radiation-induced γH2AX. Therefore, considering the complex structure of the germ cell system and differential radiosensitivity in comparison to somatic cells, it becomes important to study radiation dosimetry and dissolution kinetics for γH2AX foci in male germ cells that will be able to help in quantifying radiation damage and repair responses while studying such effects in various mutant backgrounds.
In this study, we analyzed critical aspects of γ radiation-induced γH2AX foci using 3D imaging in the mouse testicular germ cell system. While following number and size of foci in relation to increasing radiation doses and their disappearance until 16 h, we focused on three easily identifiable and developmentally important spermatogenic stages, which had the least endogenous γH2AX signal. Dual labelling with 53BP1 on γH2AX foci revealed kinetics of DSB repair in specific cell stages. Our results offered a useful radiation dosimetry tool for evaluation of mouse male germ cell stage specific damage and repair kinetics.
Materials and methods

Animals and irradiation
Groups of five laboratory male mice (Parkes strain, 6 to 8-week old) were subjected to varying whole body γ-irradiation (0.5, 1, 2 and 4 Gy; source-target distance of 80 cm; dose rate 1.5 Gy/min with Co-60 radioisotope) and were sacrificed at different post-IR times (5 min, 1, 4, 8 and 16 h) for each dose. Dissected testes were detunicated and tubules were processed as described in next section. As control, sham irradiated mice were sacrificed after 1 h. All experiments were performed in triplicate. The institutional animal ethical committee approved all experimental protocols and animal maintenance.
Immunolabeling of squashed tubules
Tubules were fixed in 2% paraformaldehyde (PFA) overnight at 4°C, washed thrice, and stored in phosphate buffer saline (PBS) containing 0.1% w/v sodium azide at 4°C up to 48 h. Slides were prepared as described earlier (22) . In brief, tubules were placed on poly-l-lysine coated slide, and squashed by applying gentle thumb pressure over a cover slip. Slides were snap-frozen in liquid-N 2, coverslips were flipped off and slides were processed for immunostaining. After incubation in blocking buffer (1× PBS, 0.1%Triton-X 100, 0.1% bovine serum albumin, 10% foetal calf serum, 0.1% sodium deoxycholate) for 1 h at room temperature (RT), slides were incubated overnight at 4°C with primary antibodies (mouse monoclonal anti-γH2AX antibody, Upstate Biotechnology, USA, 1:1000; rabbit polyclonal anti-53BP1, Santa Cruz Biotechnology, USA, 1:20; rabbit anti-SYCP3, Abcam, 1:200; Guinea pig anti-H1t, 1:500). Three washes with PBST (0.1% Triton-X100; 10 min each), were followed by following secondary antibody incubation-goat anti-mouse IgG AF488 (1:200, Molecular Probes, USA), goat anti-rabbit AF594 (1:1000, Molecular Probes, USA), goat anti-guinea pig AF647 (1:1000, Molecular Probes, USA), sheep antimouse IgG conjugated with Cy3 (1:200; Sigma-Aldrich, USA) for 2 h at RT. Washing was repeated followed by counterstaining with DAPI (1 μg/ml; Sigma-Aldrich), mounting in antifade agent (DABCO, Sigma-Aldrich) and sealing with nail polish. For double immunolabeling experiments, the primary antibodies were added and detected sequentially. Slides were stored at −80°C until images were captured, but not later than 7 days after staining.
Confocal microscopy on squash preparations
Slide preparations were scanned and images were acquired using Laser Scanning Confocal microscope (LSM 510 META Carl Zeiss, Germany) using Plan Apo 63× oil immersion objective (1.4 NA). After laser power was adjusted to avoid saturation of signal, the same parameters were maintained throughout: argon laser-488 nm, blue-diode-405 nm, DPSS laser-561 nm and HeNe-633-all set at pinhole of 1 Airy unit. Scanning speed (1.28 pixel/s with pixel size of 0.04 μm) and Z-stack spacing (0.5-0.75 μm) were kept constant.
Seminiferous tubules whole mounts
To identify different germ cell stages in relation to epithelial positioning and to determine whether squashing would cause any alteration in the patterns of endogenous stage-specific γH2AX signal, immunolabeling of intact tubules was carried out. PFA (4%, 12 h, 4°C) fixed tubules were washed thrice in PBTX (1× PBS with 0.1% Triton-X100) and were treated with Triton-X100 (3% in 1× PBS) for 30 min at RT followed by blocking and immunostaining as described in above sections.
Image analysis
Enumeration of foci was done manually on projected 3D images (which were rotated at 360° using built in software) or on single Z stacks, whenever required. Further confirmation was obtained by examining tiled gallery of the stacks. For foci size analysis, we encircled each focus and determined the area using overlay module of LSM 510 META software measured foci sizes. All images were assembled using Adobe Photoshop 7.0.
Foci decay modelling
The models were fit using JMP 12's nonlinear modelling platform. Several models were fit separately for EP, LP and RSs for each radiation dose unit (0.5, 1, 2 and 4 Gy). The models fitted included a two-parameter exponential model (2P), a three-parameter exponential model that allows for a non-zero horizontal asymptote (3P) and a bi-exponential model that has four parameters (4P). The final models were selected based on the smallest mean square error (MSE) and interpretability.
Statistical analysis
To construct dose-response curves and the best-fit model for induced γH2AX foci at different radiation doses, multiple regression analysis was performed using Sigma plot software, version 8.0 (Systat Software Inc., USA). GraphPad software (GraphPadInStat version 3.0 Software, Inc., CA, USA) was used for calculating mean and standard error of mean and for performing other statistical analysis such as one-way analysis of variance (ANOVA) with Bonferroni test as post hoc comparison and Student's t-test for determining significance level when comparing different sets of values.
Results
Germ cell staging and γH2AX foci dynamics in seminiferous tubule whole mounts Confocal analysis of stage-specific, endogenous γH2AX signal patterns in squash preparations clearly elicited sequential waves of H2AX phosphorylation comparable to earlier reports (23) ; thus proved as a valuable tool for visualizing, counting and sizing γH2AX foci in germ cells from control sham-treated mice and mice exposed to whole body irradiation. However, optical sectioning of seminiferous tubule whole mounts did not provide uniformly bright immunostaining critical for scoring of radiation-induced γH2AX foci, especially towards the lumen of seminiferous tubules, gentle thumb squashing was adopted to layer out the germ cells prior to immunolabeling. This preparation method provided consistently uniform and intense immunostaining ( Figure 1A and B). Mild squashing did not affect nuclear morphology or the basal γH2AX signal pattern, and generally retained their in situ positioning, when compared with in situ cell stages in optical sections of intact tubules. However to rule out any staging inaccuracies due to the squashing technique that we implemented in this report, we distinguished pachytene spermatocytes based on cell size and nuclear morphology (24) . Below are the two major criterion that we used to identify EP and LP cell stages; (i) XY body based identification of pachytene spermatocytes on γH2AX stained cells. We selected only cells those have prominent, well defined, round sex body. This population in particular represented 'pachytene spermatocytes' stage.
(ii) Nuclear size-we noticed varying diameter of nucleus ranging from 9 to 17 µm ( Figure 1D ; Supplementary Figure 1A , available at Mutagenesis Online). Therefore, based on nuclear diameter we categorised pachytene spermatocytes into two major categories. All pachytenes with a small nucleus within a range of 9-11 µm were categorised as EP while pachytenes bearing larger nucleus within a range of 15-18 µm were categorised as LPs. We further validated our nuclei size and γH2AX-based staging criterion using stage specific markers, H1t (expresses in all post-mid pachytene stages), SYCP3 (marks central elements of the synaptonemal complex) ( Figure 1C and D). For further confirmation, we performed blind scoring for nuclear size on XY body +ve pachytene cells (in γH2AX and DAPI channels) and then confirmed EP or LP stages on H1t and SYCP3 channels. These characteristics, that is, stage specific nuclear size, morphology and XY domain appearance, were later utilised as identification features on γH2AX/DAPI stained germ cells. For spermatids, we particularly selected stages II-IV RSs. This classification was based on the presence of well-defined single heterochromatic chromocenter (CC) within the nucleus (25) . Because these three stages were easily identifiable, and contained the least endogenous γH2AX signal these stages, were selected for radiation-induced focus analysis. Basal foci number in sham irradiated specimens was ~1.5/cell in EP and ~0.2/cell in LP and RSs (Supplementary Figure 1B, available at Mutagenesis Online). Although EPs also showed numerous tiny foci (<0.1 µm 2 ) distributed over chromatin, these were excluded from counting. Basal foci counts were subtracted from the number of induced foci in respective stages.
γH2AX foci induction is dose-and cell type-dependent
In order to study stage-specific sensitivity to DSB induction with minimum ambiguity and maximum accuracy and efficiency during the response to IR damage, foci analysis was carried out following γ-irradiation at increasing doses (0.5, 1, 2 and 4 Gy) and recovery times from 5 min to 16 h post-irradiation. Confocal 3D-projected images provided greatly improved resolution at different depths of the nuclei. Similarly, viewing serial sections in a Z-stack image gallery or image rotation greatly resoled overlapping foci, which is especially crucial for quantification following exposure to higher doses. Maximum foci yield/cell at different stages and increasing radiation doses served as indicators of stage specific cellular DSB response (Figure 2A and B) . Germ cells in the LP stage were significantly more sensitive, e.g. formed more and larger foci compared with EP stage (P < 0.05) ( Figure 3A; Supplementary Figure 2 , available at Mutagenesis Online). Round spermatids developed only half the number of foci as EPs, consistent with the presence of a haploid genome, and perhaps decreased sensitivity.
To validate radiation-induced γH2AX foci (γH2AX-RIF) analysis as a dependable tool for evaluation of DSB induction in different male germ cell stages, dose-response curves were constructed for the three germ cell stages. Immediately following radiation, the rate of induction of foci as a function of radiation dose showed good fit with linear dose response for each of the three cell stages ( Figure 3B , Supplementary Table 1 , available at Mutagenesis Online). Sensitivity to radiation damage was stage specific: highest for LP, less for EP, and least in haploid RSs with a value half of that in EPs (P < 0.05). These data also revealed a surprising inverse relationship between dose dependence and foci yield: upon normalizing focus yield per unit dose, it became clear that the highest yield/Gy occurred at the lowest exposure (0.5 Gy) with diminishing yield through 1 and 2 Gy, reaching a minimum from 2 to 4 Gy. Since this effect occurred within 5 min post-IR, rapid elimination of heavily damaged cells at higher doses was unlikely. It is possible, however, that very rapid merger of smaller foci, and/or faster repair when foci were closely apposed might have facilitated recruitment of repair proteins into 'repair-centers' that might be responsible for the observed inverse relationship. Note that foci disassembly kinetics (see below) also showed dose dependency, although faster reduction in foci occurred after higher doses (2, 4 Gy) in all three stages.
Foci dissolution kinetics exhibit stage specific efficiencies
In order to determine DSB repair efficiency in different germ cell stages, γH2AX foci decay curves were generated. γH2AX RIF yield at each time-point in response to all radiation doses was used to generate a γH2AX RIF decay model for both pachytene stages and RSs (Table 1) . Disappearance of foci from all three germ cell stages followed an exponential decay. Using equations shown in Table 1 , we further calculated initial rates and half-lives (t 1/2 ) for foci decay in all three stages. Halflives varied based on radiation dose and stage types (see Table 1 ). When comparing the rate of loss of γH2AX foci (for corresponding radiation doses), we noticed that LPs resolved foci 1.3-2-fold less efficiently than EPs (Supplementary Table 2 , available at Mutagenesis Online). Round spermatids were least efficient of the three stages. These results indicated stage-specific repair efficiency in male germ cells: EP with the fastest and most complete repair, followed by LPs and RSs. Notably, RSs were unable to resolve >40% of residual foci even by 16 h at all radiation doses. Collectively, these results indicated consistent stage specific differences for DSB repair efficiency and provided a quantitative tool for studying DNA damage response in germ cells.
Foci growth and resolution dynamics are stage specific
Though our data strongly suggested that the γH2AX RIF were directly proportional to radiation dose and decreased gradually with increasing post-IR duration reflecting active DSB repair, we were curious about the larger unresolved residual foci (26) particularly in RSs after 16 h post-IR. To explore this anomaly further, we performed a more precise evaluation of γH2AX-RIF growth as a function of post-IR duration in 30 cells. For this purpose confocal captured optical sections with 0.75 µm spacing were ideal to measure the Figure 3, available at Mutagenesis Online). In both pachytene stages, ~80-90% foci were clustered in S and M range within 5 min post-IR in roughly equal proportions at different doses, but achieved maximum size by 1 h, with a few S/M foci remaining at 16 h, as occurred in shamexposed mice. In contrast to pachytenes, foci size pattern in haploid RSs was very different. Size distribution of γH2AX-RIF in RSs showed the presence of S, M and L foci until 4 h post-IR. Thereafter, 'VL' and 'XL' γH2AX-RIF with 2-4-fold larger area (~5.2-7.2 μm 2 ) appeared. Such large foci were never observed in pachytenes (Figure 2; Supplementary Figure 3 , available at Mutagenesis Online).
In order to address the possibility of foci merger, we next analyzed the total RIF volume/nucleus as opposed to RIF yield. We hypothesised that comparisons of focus volume at early (5 min-4 h) and late (8-16 h) time-points might demonstrate sequestration of unrepaired damage. Using the average radius of spherical γH2AX RIFs from 30 cells at each stage under control and treated conditions and presuming that RIFs are spherical, we calculated total RIF volume/nucleus at the two time intervals. We found that pachytenes exhibited peak volume at 1 h post-IR and that declined to minimal levels at 16 h. In contrast, the focal volume of RSs increased in two distinct stages: (i) an initial growth phase at 1-4 h post-IR that coincided with the foci loss, as described above; (ii) this was followed by a later growth event by 8-16 h when residual foci continued to grow in volume, while residual focus number remained unchanged in total RIF volume/ nucleus (Supplementary Figure 4 , available at Mutagenesis Online). Interestingly, the later growth event exhibited >2-fold growth of focal volume compared to earlier time intervals (26) . However, these results do not necessarily indicate the merger of all initial RIFs in RSs since 60% of initial RIFs had resolved. The persistent RIFs might remain concentrated into the domains which could represent 'repair centres', or alternatively, a dead end warehouse for unrepairable DNA.
53BP1-mediated repair in LPs
Next we looked through the active repair machinery associated with γH2AX RIFs by performing double immune-localisation studies of γH2AX RIFs with 53BP1, a DNA repair factor that promotes NHEJ-mediated DSB repair. In sham-irradiated EPs, a weak 53BP1 signal appeared on condensing XY chromosomes that further intensified in the XY body in LPs. Round spermatid control showed a weak, homogeneous granular nuclear signal of 53BP1, which was absent from the chromocentre.
A large number of bright 53BP1-RIFs appeared in LP following 2 Gy of γ-rays (Figure 4) . Similar 53BP1 RIFs failed to appear in EP and RS stages (not shown). We further analyzed the recruitment kinetics of 53BP1-RIFs through 1, 4 and 8-h post-exposure (150 cells at each time point). All the LP nuclei were positive for 53BP1-RIFs at 1 post-IR. These results implied the presence of operational '53BP1 dependent' DSB repair pathway in the LP, which were presumably missing in EP and haploid RS stages.
To identify the underlying patterns of physical interaction of γH2AX/53BP1 RIFs, we further performed an in-depth 3D analysis of colocalised RIFs on optical sections of LP nuclei (70 cells at each time point). At 1 h post-IR, ~94% γH2AX-RIFs in LPs had colocalised with the 53BP1-RIFs (Figure 4A and B) . Thereafter, the percentage of γH2AX foci that colocalised with 53BP1 decreased. By 4 h, ~20% of total γH2AX foci retained 53BP1-RIFs, which was further reduced to ~5% by 8 h. These residual 53BP1 foci showed lower intensity and were mostly positioned in the interchromatin spaces close to heterochromatic blocks. A detailed analysis of 20 random 53BP1/γH2AX foci at higher magnifications revealed heterogeneity in focal structure of 53BP1 accumulations ( Figure 4B, 1-6 ). While most of the foci appeared to have uniform overlay of 53BP1 over γH2AX foci at the early time-point (1-h post-IR), by 4 h post-IR, the central region of the γH2AX foci had cleared of 53BP1 with more signal concentrated on the periphery of γH2AX foci. Collectively, our results implied early dissolution of 53BP1 foci compared to γH2AX foci. We also underscore the dynamic mobility of proteins involved in DNA repair. In short, LPs underwent 53BP1-dependent, efficient DSBR with rapid kinetics of assembly within 1 h post-IR followed by effective disassembly by 4 h. This characteristic of peripheral accumulation of 53BP1 has not been reported earlier in germ cells.
Discussion
In this study, confocal microscopy enabled us to examine γH2AX foci formation and rate of loss quite precisely in three important developmental stages of mouse male germ cells. The aim of this work was to develop a quantitative tool for efficiently measuring the response to DNA DSBs and the repair kinetics in three different male germ cell stages. In this context, the estimation of γH2AX foci formation and their dissipation following IR stand out as the most appropriate tool for evaluation of radiosensitivity and repair (12, 15, 17, 18) . However, a study in male germ cell system dealing with its unique challenges is missing. In this study we derived dose response curves ( Figure 3B ) and the exponential decay (Table 1) equations, illustrating that γH2AX foci can serve as an efficient tool for determining radiation sensitivity and the kinetics of DNA repair in early and LP spermatocytes and RSs stages. We also report that 3D confocal imaging provides specific advantages over conventional microscopy by allowing accurate viewing and enumeration of nearly all foci, even those in clusters. The exception was extremely small foci in EP stage. Therefore, we were able to extend the linear dose response curve reported for somatic cells (13, (27) (28) (29) (30) up to 4 Gy of radiation dose. Differential radiosensitivity and repair efficiency/kinetics in germ cells have been reported in the past using various approaches such as cell death rates, mutation analysis, chromosomal deletions/exchange aberrations, neutral elution and pulse field gel electrophoresis (31) (32) (33) (34) . However, these tools are primarily based on end point observations requiring high radiation doses and/or extensive in vitro handling in order to obtain dose dependence. Therefore, they may not have provided an accurate estimate of radiosensitivity, which is especially critical at early times after irradiation, as shown from data presented here. The dose dependence and timing of γH2AX foci induction confirm that γH2AX foci serve as a true DNA damage marker in germ cells.
The detailed biological dosimetry in a 3D platform, as performed in this study, confirms linearity of dose-response yield and exponential decay models for γH2AX foci. Formation and resolution of γH2AX foci are both stage specific. Comparing the dose-effect relationships and fitting the experimental data with the proposed exponential decay model for each stage suggests that foci decay exponentially regardless of increasing radiation doses and stage. These results imply that different stages have different repair capacity: the DNA repair process is substantially slower in RSs followed by late and EP stages, respectively, as shown by t 1/2 values calculated from the exponential equations of γH2AX foci loss (see Table 1 ). These results are in support of previous reports those revealing compromised repair efficiency in haploid spermatids compared to early spermatocyte stages (12, 17, 19, 31, 35) . This could be due to the absence of a complete set of repair enzymes at every substage (12, 35) . Similarly, DNAPKcs, another NHEJ repair factor is also absent in RSs, while PARP1 and XRCC1 apparently taking care of DSBs at this stage (18) . Thus, we speculate that absence of alternative repair machineries might be responsible for the observed reduced rate of repair in RSs.
ATM mediated phosphorylation of 53BP1 recruits two critical mediator proteins-RIF1 (RAP1-interacting factor 1) and PTIP (Pax transactivation domain-interacting protein). These are essential for inhibiting BRCA1-directed HR repair by protecting further resection of broken DNA ends. Thus, in association with Rif1 and PTIP, 53BP1 stimulates NHEJ and prevents the HR repair by altering the chromatin dynamics locally (36) (37) (38) (39) . Therefore, we presume that the intense accumulation of 53BP1 signal peripheral to the γH2AX focal in LPs, as we show in this study (Figure 4 ), might have a role in preventing extensive strand unwinding and end resection in germ cells during early phase of repair. We also speculate that this might be an essential phenomenon to get the remaining foci channelised to alternate repair pathways (35) .
Studies of the response of somatic cells to γ-irradiation provide a model for explaining the differences between responses of different germ cell stages to radiation exposure (21, (40) (41) (42) . Considering all possible parameters (dose-dependence, RIF yield, area, total volume/ nucleus and the kinetics of loss of dissolution), we propose the following model for the γH2AX focus kinetics in germ cells: immediately after irradiation, DSBs result in individual foci. Some foci resolve rapidly because of efficient DSB repair, while others merge, resulting in focus growth by 1-4 h. Though the repair process continues to eliminate RIFs in pachytenes, residual foci after 4 h post-IR in RSs represent reduced repair competency. With limited repair capacity, residual RIFs in spermatids continue to merge, since they contain complex irreparable DSBs. Perhaps merging unrepaired foci is a more efficient approach for DNA repair or chromosomal rearrangement (43) . Alternately, individual focal expansion may indicate that extensive H2AX phosphorylation is marking cells for elevated checkpoint responses (44) to provide additional time required for repair, or for apoptotic elimination. Other researchers have also reported these large residual foci in RSs (18, 45) , but until now their significance has not been analyzed (43) . Collectively, our results demonstrate that the various spermatogenic cell stages respond to exogenous damages with unique kinetics.
Conclusion
This is the first comprehensive study, stipulating a method validation of radiation-induced DSBs in DNA of mouse male germ cell substages by confocal biodosimetry. Dose response equations and foci decay curves serve as an efficient tool for acquiring knowledge about DNA repair in a complex male germ cell system bearing different developmental stages. Our results support the exponential repair kinetics in germ cells that has been shown for the first time. Spatial distribution of 53BP1-RIFs over γH2AX-RIFs in LP stage suggests the potential regulation of DNA repair pathway selection by 53BP1 in this germ cell stage.
